Abstract This study combines geochemical and geochronological data in order to decipher the provenance of Carboniferous turbidites from the South Portuguese Zone (SW Iberia). Major and trace elements of 25 samples of graywackes and mudstones from the Mértola (Visean), Mira (Serpukhovian), and Brejeira (Moscovian) Formations were analyzed, and 363 U-Pb ages were obtained on detrital zircons from five samples of graywackes from the Mira and Brejeira Formations using LA-ICPMS. The results indicate that turbiditic sedimentation during the Carboniferous was marked by variability in the sources, 
Introduction
One of the geological processes which has most interested geologists who study orogenic systems is the progressive building and erosion of magmatic arcs and mountain ranges. The geodynamic evolution of an active margin implies the formation of a magmatic arc, gradual processes of the bringing together of continental masses and their collision, the deformation of the lithosphere, and the resultant building of mountain ranges. During this geodynamic evolution, the weathering, erosion, and sedimentation of materials deriving from source areas that are emerged (e.g., magmatic arc and inner regions of continents with mountain ranges) are usually intense because crust is uplifted, eroded to low elevations, and uplifted again along such tectonically active regions. The materials resulting from this erosion are accumulated in what are known as synorogenic sedimentary basins (forearc, backarc, and foreland basins). The pertinent question that arises is how information about the developmental phases of an active margin and the denudation of mountain ranges can be acquired in cases where erosion removed most of the rocks that formed as a result of the above-mentioned geodynamic processes. In other words, where can evidence of the development of a magmatic arc be found, when the stratigraphy of a region that was once an active margin is characterized by major sedimentary gaps and the absence of intrusive rocks related to the respective interval of geologic time? The provenance studies may have direct application in the identification of placers with economic interest resulting from the erosion of mineralized rocks generated in magmatic arcs.
The Variscan belt is one of the most widely studied late Paleozoic orogenic systems in the world, located in the core of Pangaea (Fig. 1a) . This late Paleozoic orogen, despite being segmented by the effects of Alpine tectonics, has a length of over 3,000 km and is accompanied by excellent outcrops in Western and Central Europe (Matte 2001) . Today, as a result of intense discussion in numerous publications over the last 50 years (following the introduction of the concepts of Plate Tectonics), there is a consensus that this ancient orogen resulted from the collision between Gondwana and Laurussia involving the closure of Rheic Ocean (Murphy et al. 2006; Martínez-Catalán et al. 2007; Nance et al. 2010) . However, the location of the Variscan suture, the polarity and timing of subduction, the occurrence of arc-related magmatism, and the collision of the two continental blocks are still controversial and a matter of debate.
In the 1990s, several papers were published in volumes devoted to the Precambrian and Paleozoic geology of Circum-Atlantic regions as part of IGCP Project 233. J. D. Keppie, honored in this volume, was one of those who contributed most in terms of the compilation of information on the Variscan orogeny, as a result of the collision between Laurussia and Gondwana during the assembly of Pangaea. In this paper, this issue in SW Iberia is addressed, explored, and updated using original geochemical and geochronological data. SW Iberia has been defined since the 1980s as one of the possible locations of the Variscan suture (Fig. 1b) , along the boundary between the OssaMorena Zone and the South Portuguese Zone (Munhá et al. 1986; Ribeiro et al. 1990; Quesada et al. 1994; Simancas et al. 2005) . The South Portuguese Zone includes a thick succession of Carboniferous turbidites which is regarded as a foredeep basin and the external Variscan thrust belt (Oliveira 1990 ). This paper presents new whole-rock geochemistry data from the Carboniferous turbidites of the South Portuguese Zone. Twenty-five samples of graywackes and mudstones from three turbiditic formations (Mértola, Mira, and Brejeira; Oliveira 1990 ) with different biostratigraphic ages were analyzed using ICP-MS with the aim of: (1) characterizing the different lithologies from a geochemical perspective; (2) testing the possibility of undertaking a chemostratigraphic separation of the three formations; and (3) characterizing the geotectonic setting of the different sources. In order to test interpretations resulting from geochemical analysis, five graywackes were sampled for U-Pb dating of detrital zircons using LA-ICP-MS. The results obtained were used, together with the previously published data, to discuss: (1) potential sedimentary sources of Variscan synorogenic basins; and (2) global paleogeographic models of the assembly of Pangaea.
Geological setting
The European Variscan belt, which is the extension of the Appalachian belt in North America, was formed during the assembly of Pangaea in the late Paleozoic by the collision of Gondwana and Laurussia (Matte 2001) . SW Iberia comprises a segment of the Variscan belt which is divided into the Ossa-Morena and the South Portuguese Zones separated by the Variscan suture Simancas et al. 2005) .
The Ossa-Morena Zone is a peri-Gondwanan terrane that records the development of a Neoproterozic magmatic arc and the related synorogenic sedimentation, deformation, and metamorphism (Cadomian orogeny; Quesada et al. 1991; Eguíluz et al. 2000; Pereira et al. 2006 Pereira et al. , 2008 Pereira et al. , 2011 Linnemann et al. 2008) . The Ossa-Morena Zone was located in North-Gondwana close to the West African craton, as shown by recent studies of sedimentary provenance of the Neoproterozoic successions Pereira et al. 2008 Pereira et al. , 2011 Pereira et al. , 2012a . Lower Paleozoic stratigraphy is dominated by the evolution of CambrianOrdovician intra-continental rifting with significant magmatic activity Sánchez-García et al. 2010) . Later, the sedimentation changes to a passive margin setting without noteworthy magmatism from the Middle Ordovician to the Devonian (Robardet and Gutiérrez-Marco 2004) . Middle-Upper Devonian rocks are almost absent in the Ossa-Morena Zone and the Lower Carboniferous stratigraphy is similar to that of the South Portuguese Zone with the marine deposition of turbidites coevally with volcanism (Pereira et al. 2012c, d and references therein) . In the Upper Carboniferous, sedimentation is essentially detrital and typically terrestrial with the sandstones and slates having numerous fossil remains of terrestrial plants ). The structures observed in the Ossa-Morena Zone indicate that the Variscan deformation is characterized by an initial event of early Carboniferous age. This event is linked to wrenching with important components of extension and also contraction, under low-to high-grade metamorphic conditions (Pereira et al. 2007a (Pereira et al. , 2009 (Pereira et al. , 2012d . Later, in the late Carboniferous, a second deformation event occurred with regard to low-grade metamorphic conditions. Magmatic activity is evidenced by several Carboniferous synorogenic and post-orogenic granites (Pereira et al. 2007a; Lima et al. 2012 ) and gabbros (Jesus et al. 2007) .
The Carboniferous stratigraphy (Tournaisian to Moscovian) of the South Portuguese Zone is predominantly composed of turbidites (Oliveira 1983 (Oliveira , 1984 . South Portuguese Zone turbidites have been interpreted as synorogenic deposits accumulated simultaneously to the denudation of the Ossa-Morena Zone basement (Oliveira 1990; Silva et al. 1990 ). This thick succession of turbidites is overlying a volcano-sedimentary complex that provides a record of important magmatic activity from the late Devonian to the early Carboniferous. The volcano-sedimentary complex overlay a sedimentary sequence consisting of quartzites and shales with late Devonian fossils (Oliveira 1990 ) and facies typical of a siliciclastic platform, from which the lower limit is unknown and is the lateral equivalent of the detrital sequences that outcrop in the Pulo do Lobo Anticline (Pereira et al. 2012d (Silva et al. 1990; Onezine et al. 2003) . This late Carboniferous deformation event is superimposed on a previous wrenching or extensional event which took place during the early Carboniferous (Pereira et al. 2012d) . The deformation in the early Carboniferous was marked both by wrenching in the Pulo do Lobo Anticline (Silva et al. 1990; Braid et al. 2010 ) and the formation of extensional faults and folding due to gravitational sliding within Lower Carboniferous successions (Pereira et al. 2012d) . The interference of these two events produced a complex structural pattern of folding and thrusts (Silva et al. 1990; Onezine et al. 2003; Marques et al. 2010; Pereira et al. 2012d ).
Sampling strategy
The Carboniferous stratigraphy of the South Portuguese Zone includes three formations with turbidites (the Mért-ola, Mira, and Brejeira Formations from the Culm Series or ''Grupo Flysch do Baixo Alentejo '', Oliveira 1983 '', Oliveira , 1984 , which exhibit outstanding outcrops along the Southwestern Portuguese coast. In order to study the similarities and differences between the materials constituting these Carboniferous turbidites, a total of thirty samples were taken from the area between Santiago do Cacém and Sagres: (1) twenty-five samples of graywackes and mudstones were used for whole-rock geochemistry; and (2) five samples of graywackes were selected for U-Pb dating of detrital zircon (see Fig. 1c for sample locations). The U-Pb geochronology results of this study are discussed in Sect. 6 together with the information previously published on the graywackes of the Mértola Formation (Pereira et al. 2012c ). The selection of samples was aimed at the analysis of the variations that occur within each the formations and among them. Sampling is intended to be representative of the progressive evolution of the sedimentary basin over a period of approximately twenty million years (c. 330-310; Visean to Moscovian).
Mértola Formation
The Mértola Formation consists mainly of interlayered centimeter-to meter-thick beds of graywackes, siltstones, mudstones, and a few conglomerates. These sedimentary rocks have ammonoides and miospore associations from the Visean (Oliveira 1990; Pereira et al. 2007b) . Four graywackes (samples ST-1, GS-1, GS-3, and GS-5) and four mudstones (ST-2, GS-2, GS-4, and GS-6) were sampled from this formation for whole-rock geochemistry and none for geochronology. Graywackes from the Mértola Formation are fine-grained (0.125-0.25 mm) to mediumgrained (0.25-0.5 mm), moderate to poorly calibrated, with elongated and sub-rounded grains. The grains are mostly quartz (45-65 %) and lithic fragments (10-35 %; sandstone, mudstone, chert, and rare volcanic rocks). Feldspar (5-10 %) and phyllosilicates (5-25 %) were also present in all samples. Matrix consists essentially of quartz, opaque minerals, and sometimes phyllosilicates.
Mira Formation
The Mira Formation includes essentially siltstones and mudstones with some interlayered graywackes and conglomerates. The biostratigraphic age of this formation ranges from the Serpukhovian to the Bashkirian, based on ammonoides and miospores associations (Oliveira 1990; Pereira et al. 2007b) . Five graywackes (samples SC-6, GS-7, GS-9, GS-11, and GS-17) and five mudstones (SC-5, GS-8, GS-10, GS-12, and GS-18) were sampled from this formation for whole-rock geochemistry, and two graywackes (SC-6 and ST-8) for U-Pb geochronology. Graywackes from the Mira Formation are fine-grained (0.125 to 0.25 mm) to coarse-grained (0.5-1 mm), moderate to poorly calibrated, and most grains are elongated and subrounded and a few are sub-angular. In some samples, quartz (55-75 %) is the main component followed by lithic fragments (20-35 %), while other samples consist mostly of lithic fragments (70-80 %, quartzite, mudstones, chert, and volcanic rocks) but quartz (15-20 %), phyllosilicates (5 %), and feldspar (0-10 %) grains in smaller proportions are also present. The fine-grained matrix consists essentially of quartz, opaque minerals, and phyllosilicates.
Brejeira Formation
The Brejeira Formation is characterized by the occurrence of quartzites, mudstones, and quartzwackes at its base evolving toward its top to interlayered centimeter-to meter-thick beds of graywackes, siltstones, and mudstones. Mudstones containing ammonoides and miospores associations indicate a Bashkirian-Moscovian (Oliveira 1990; Pereira et al. 2007b ) deposition age. Four graywackes (samples GS-13, GS-15, AM-3, and TH-5) and three mudstones (samples GS-14, GS-16, and AM-4) were sampled for whole-rock geochemistry, and three graywackes (AJ-1, AM-3, and TH-5) for U-Pb geocronology.
Graywackes from the Brejeira Formation are very finegrained (from 0.0625 to 0.125 mm) to medium-grained (0.25-0.5 mm), moderately to poorly calibrated and formed by sub-angular and elongated grains. The main mineralogical component is quartz (55-88 %), followed by lithic fragments (10-35 %; quartzite, sandstone, chert, and mudstone). The amount of phyllosilicates (2-15 %) is variable and feldspar (0-5 %) is rare. The fine-grained matrix consists essentially of quartz and some opaque minerals as well as phyllosilicates.
Whole-rock geochemistry
Twenty-five samples of detrital rocks from the three Carboniferous formations from outcrops in SW Iberia, from
Grândola to Sardão Cape, were analyzed at ACTLABS (Ontario, Canada) for lithogeochemical purposes, covering both coarser (graywackes) and finer (mudstones) lithologies. Full rock chemistry was determined by lithogeochemical method 4Lithores-Lithium Metaborate/ Tetraborate Fusion-ICP and ICP/MS. This analytic method uses a combination of the following: (1) lithium metaborate/tetraborate fusion ICP whole rock and (2) trace element ICP/MS. Fused sample is diluted and analyzed by PerkinElmer Sciex ELAN 6000, 6100, or 9000 ICP/MS. Three blanks and five controls (three before sample group and two after) are analyzed per group of samples. Duplicates are fused and analyzed every 15 samples.
The results are shown in Table 1 (data repository supplementary item) and represented diagrammatically in Figs. 2 and 3.
Major elements
The major element composition of the samples is fairly similar, with the most salient differences detected between finer and coarser lithologies rather than between the different formations. However, some subtle differences may be noted in the graywacke samples, whose potential significance must be analyzed. In Fig. 2 , two examples of scatter plots of major element concentrations are presented: (1) SiO 2 content is plotted against Al 2 O 3 concentration (Fig. 2a) . The alumina content decreases linearly with increasing silica content, and there is no clear distinction between the three formations; however, by analyzing the distribution of graywackes separately, the samples from the Mértola Formation can be differentiated from the ones from the other formations because they present the highest content of Al 2 O 3 and the lowest content of SiO 2 ; (2) the same is true when MgO content is plotted against SiO 2 content although the linear relationship is less pronounced (Fig. 2b) ; while likewise the above-mentioned pair of elements, there is an inability to discriminate between Carboniferous formations; however, all the samples from the Brejeira Formation and two of the samples from the Mira Formation can be differentiated from the others because they present the lowest MgO content.
Trace elements
The concentrations of some trace elements in detrital rocks enable the characteristics of the sedimentary sources and/or the weathering processes acting on them to be deciphered. Properly normalized, multi-element plots allow for an understanding of the behavior of both mobile and immobile elements from weathering to sedimentation. In this paper, it was decided to normalize the trace element composition of samples to the composition of the upper continental crust (UCC) as presented in Taylor and McLannan (2009) . The results for the three formations are presented in Fig. 3 , where the elements in the multi-elemental plots are ordered by decreasing periods of residence in oceans (Burnett and Quirk 2001) .
The multi-element plot for Mértola graywackes (Fig. 3a) shows an overall pattern with elemental concentrations close to the average UCC with the most prominent difference in LILE K, Rb, and Sr concentrations, which are lower than in the UCC. Other differences worthy of mention are the high negative anomaly in Sr, the negative anomalies in Ba, Ta, Nb, and Hf, and the slightly positive anomalies in U and Cs. Mudstones from the Mértola Formation (Fig. 3a) also present multi-elemental patterns, pointing to a composition close to average for the UCC. The marked exceptions are Sr, which is strongly depleted in the mudstone as compared with the upper continental crust, and Cs, which is enriched. Sr negative anomalies are common for both lithologial types. Spidergrams for graywackes from the Mira Formation (Fig. 3b) show depletion of LILE relative to the standard, while concentrations of HFSE are close to the composition of the UCC. The high Sr anomaly is worth noting in terms of the range of samples. The mudstones of this formation (Fig. 3b) have different multi-element patterns, revealing a composition similar to that of the UCC, with some elements deviating from average values. Sr and P are strongly depleted in mudstones while U, Cs, and Sc are markedly enriched. Analysis of spidergrams for Brejeira graywackes (Fig. 3c) shows an overall tendency for concentrations lower than the UCC. This tendency is more pronounced for LILE and some HFSE. Strong depletion is observed for Sr and Sc, while Zr is more concentrated than in the standard composition of the UCC. Mudstones present different patterns ( Fig. 3c) with concentration values close to those of the upper continental crust, with slight enrichment of HFSE and REE. Sr and P are strongly depleted.
U-Pb zircon geochronology
In order to further investigate provenance, five samples of graywackes from Carboniferous turbidites were sampled in different localities along the Southwestern Portuguese Coast (Santiago do Cacém, São Torpes, Aljezur, Amado, and Telheiro) and analyzed using LA-ICP-MS for U-Pb zircon geochronology (the methodology is described in a data repository supplementary item). CL-images of the most representative zircons are shown in Fig. 4 . In this study, 207 Pb/ 206 Pb ages were used for the interpretation of zircons [ 1.0 Ga and 206 Pb/ 238 U ages for younger grains. Only zircon ages with 90-110 % concordance were used to estimate percentages and build a probability plot for each sample. U-Pb results are listed in Table 2 (data repository supplementary item) and projected in the density probability diagrams in Figs. 5 and 6.
Mira Formation (Serpukhovian-Bashkirian)
Santiago de Cacém graywacke (SC-6)
Of a total of 43 grains (90-110 % concordance), 63 % are Paleozoic and the remaining grains are Proterozoic (32 %) and Archean (5 %) (Fig. 5a) . The Precambrian population is dominated by Neoproterozoic grains (18.6 %; Cryogenian-c. 680-633 Ma and Ediacaran-c. 625-555 Ma) with fewer Paleoproterozoic grains (11.6 %; Siderian-c. 2.45 Ga, Rhyacian-c. 2.16-2.07 Ga, and Orosirian-c. 1.95-1.8 Ga), and rare grains with Mesoarchean and Neoarchean (c. 2.86 and c. 2.71 Ga) and Mesoproterozoic (2.3 %; c. 1 Ga) ages. The Paleozoic population is represented by Carboniferous (34.9 %; c. 353-312 Ma), Devonian (20.9 %; , Cambrian (4.7 %; c. 517-503 Ma), and Silurian (2.3 %; c. 426 Ma) grains. In the density probability diagram, two age peaks occur at c. 342 Ma (Visean) and c. 378 Ma (Frasnian) (Fig. 5a ). Devonian 206 Pb/ 238 U ages cluster at c. 380-377 Ma (14 %; Frasnian), with fewer grains at c. 402-400 Ma (4.7 %; Emsian) and c. 366 Ma (2.3 %; Famennian). Carboniferous ages cluster at c. 344-326 Ma (18.6 %; Visean) and c. 353-346 Ma (14 %; Tournaisian) and the youngest age yields c. 312 Ma (2.3 % Bashkirian). The youngest zircon population yields a weighted mean of 319.9 ± 6.9 Ma (95 % c.l.; Serpukhovian), close to the sedimentary age inferred from biostratigraphic constraints.
São Torpes graywacke (ST-8)
Of a total of 101 grains (90-110 % concordance), 98 % are Precambrian (Fig. 5b) . Neoproterozoic ages are dominant (72.3 %), followed by Paleoproterozoic (19.8 %; c. 2.2-2 Ga, c. 1.8-1.7 Ga and c. 1.4 Ga), Mesoproterozoic (3 %; c. 1.2-1 Ga), and Archean (3 %; c. 3.4 Ga and c. 2.7-2.5 Ga) ages. The Neoproterozoic accounts for 53.5 % of Cryogenian grains (c. 816-631 Ma), 15.8 % of Ediacaran grains (c. 625-548 Ma), and 3 % of Tonian grains (c. 992-891 Ma). The density probability diagram of the ST-8 zircon population shows two major age peaks at c. 654 Ma (Cryogenian) and c. 574 Ma (Ediacaran) (Fig. 5b) All 36 grains (90-110 % concordance) are Precambrian. 94 % of ages are Proterozoic and 6 % are Archean (Fig. 6a) . The Neoproterozoic population is dominant (44 %), followed by Paleoproterozoic (36 %) and Mesoproterozoic (14 %) grains. Neoproterozoic grains are widespread over the intervals c. 844-631 Ma (30.6 %; Cryogenian) and c. 594-569 Ma (11.1 %; Ediacaran), and there is also one older grain with an age of c. 878 Ma (2.8 %; Tonian). Paleoproterozoic zircons are scattered over the interval c. 2.44-1.85 Ga, and Mesoproterozoic ages range from c. 1.38 Ga to c. 1.05 Ga. The oldest grains have Mesoarchean and Neoarchean (5.6 %, c. 2.86 Ga and 2.79 Ga) ages. In the density probability diagram, there are three main age peaks at c. 666, c. 632, and c. 579 Ma (Cryogenian and Ediacaran) (Fig. 6a) .
Amado graywacke (AM-3)
Of a total of 62 grains (90-110 % concordance), 65 % yielded Proterozoic ages (Fig. 6b) . Proterozoic ages contain 48.4 % in the interval c. 945-546 Ma (Neoproterozoic), 11.3 % in the range c. 2.19-1.95 Ga (Paleoproterozoic), and 6.5 % scattered from c. 1.56 Ga to 1.16 Ga (Mesoproterozoic). One zircon yielded a Neoarchean age (2.56 Ga). The Neoproterozoic population is characterized by two main age clusters at c. 843-646 Ma (27.4 %; Cryogenian) and c. 622-546 Ma (16.1 %; Ediacaran), and fewer Tonian ages (4.8 %; c. 945-850 Ma). 32.3 % of the grains yielded Paleozoic ages. Devonian 206 Pb/ 238 U ages (17.7 %) include two age clusters at c. 394-389 Ma (8 %; Eifelian-Givetian) and c. 377-363 Ma (6.4 %; Frasnian-Famennian), and also two zircons dated at c. 414 Ma (3.2 %; Lochkovian). In the density probability diagram, the most relevant age peaks occur at c. 392 Ma (Eifelian), c. 447 Ma (Silurian), c. 371 Ma (Famennian), and c. 657 Ma (Cryogenian) (Fig. 6b) . The remaining Paleozoic ages are Cambrian (4.8 %; c. 531-491 Ma) and Ordovician (8.1 %; c. 466-445 Ma). The youngest zircon yielded a Carboniferous age (Visean; c. 337 Ma).
Telheiro graywacke (TH-5)
Of a total of 107 grains (90-110 % concordance) analyzed in sample TH-5, 77 % yielded Proterozoic ages, 20 % Paleozoic ages, and only 3 % Archean ages (3-2.62 Ga) (Fig. 6c) . The Proterozoic population is dominated by Neoproterozoic grains (55.1: 30.8 % Cryogenian-c. 848-631 Ma, 23.4 % Ediacaran-c. 629-544 Ma and \1 % Tonian-c. 853 Ma), and there are fewer Paleoproterozoic (14 %; c. 2.35-1.64 Ga) and Mesoproterozoic (7.5 %; c. 1.46-1 Ga) grains. Paleozoic ages range from c. 538 Ma (Cambrian) to c. 351 Ma (Carboniferous) and are 
Discussion

Geochemistry and provenance
The biostratigraphic ages for the three Carboniferous formations point to a time interval of approximately twenty million years (Visean to Moscovian) for turbiditic sedimentation, with a suggested age of c. 330 Ma for the Mértola Formation, c. 320 Ma for the Mira Formation, and c. 310 Ma for the Brejeira Formation (Fig. 7) . Although the chemical composition of the samples from the three formations is too similar to allow for effective chemostratigraphic differentiation, it still enables a distinction to be made in terms of: (1) maturity of the sediment; (2) the amount of sediment recycling; and (3) the discrimination of the tectonic setting of their sedimentary sources. Roser and Korsch (1986) proposed a discrimination diagram for tectonic settings of sediments source areas based on a bivariate plot of the SiO 2 content versus the K 2 O/Na 2 O ratio, applicable to both coarse and fine detrital rocks (Fig. 7a) . The Roser and Korsch (1986) study and also subsequently published works on provenance analysis Fig. 7a . The samples from the Mértola Formation (Fig. 7a) have a chemical signature which is coherent with provenance from an ACM setting with tie-lines linking the graywacke-mudstone pairs, presenting a trend similar to the discrimination boundaries: the increase in SiO 2 content is associated with a decrease in the K 2 O/Na 2 O ratio. The samples from the Mira Formation are markedly different from those taken from the Mértola Formation (Fig. 7a) , although they (after McLennan et al. 1990 ) and f Th/Sc and Zr/Sc ratios versus Age, indicating sediment recycling present some common characteristics. Most of the mudstones and two graywacke samples are ACM derived, while the remaining samples (mostly graywackes) are PM derived. Two of the tie-lines between the graywackemudstone pairs are generally parallel to the boundaries of the discrimination fields, similar to the samples from the Mértola Formation. However, the other sample pairs present near-horizontal tie-lines with the increase in the concentration of SiO 2 occurring for practically constant values of the K 2 O/Na 2 O ratio. Turbidites from the Brejeira Formation (Fig. 7a) present a geochemical signature typical of PM derivation, except for one sample of mudstone. The tie-lines between corresponding pairs have a geometry which is similar to that of the majority of those taken from the Mira Formation.
Several discriminant functions have been proposed in studies of sediment provenance carried out in recent years involving the statistical processing of large data sets. Roser and Korsch (1988) proposed two discriminant functions (F1 and F2), based on major element concentrations, whose projection on a bi-dimensional space allows for the distinction between sediments derived from ocean island arcs (mafic), mature island arcs (intermediate), active continental margins (felsic), and granitic and/or gneissic sources, as well as sedimentary (recycled) sources (Fig. 7b) . Although there are slight differences in terms of the designation of source areas tectonic settings and the parameters used for the definition of the discriminant boundaries, some characteristics are shared by the two approaches (e.g., Korsch 1986, 1988) : mafic and intermediate sources are similar to ARC-derived sediments, felsic source is equivalent to ACM derivation, and recycled of continental crust is similar to PM-derived sediments. The projection of the results obtained for Carboniferous turbidites is presented in Fig. 7b . Graywackes from the Mértola Formation (Fig. 7b ) plot on fields designated as being intermediate and mafic and can be interpreted as being derived from an island arc or mature island arc setting. Contrariwise, mudstones plot very close to recycled, felsic, and intermediate field boundaries, which makes a possible interpretation of a geotectonic setting difficult. The geochemical signature of the Mira Formation (Fig. 7b) is markedly different for graywackes and mudstones. All the samples of graywackes plot in the field of the recycled source, pointing to a derivation from the erosion of a continental crust with an average granitic composition, which is in agreement with the results presented in Fig. 7a . The mudstones of the Mira Formation are scattered along felsic and intermediate fields, which is fairly consistent with previous results (Fig. 7a) , pointing to a tectonic setting for the source area of a probable heterogeneous active continental margin, with inputs from an older continental crust and a younger volcanic arc. Brejeira Formation (Fig. 7b) samples plot preferentially in the recycled field which is consistent with the passive margin setting suggested by the Roser and Korsch (1986) discrimination diagram (Fig. 7a) . However, two of the mudstones present geochemical characteristics coherent with derivation from an active continental margin.
Major element results show that, throughout the abovementioned twenty-million-year interval, the source of sediments changed. The deduced changes in sources range from: (1) a geochemical signature typical of more immature and less recycled sediments (Fig. 7c, d ; Mértola and Mira graywackes) derived from intermediate to mafic sources (Mértola graywackes) or from recycled sources (Mira graywackes) (Fig. 7b) -these sediments derived from a setting dominated by the convergence of tectonic plates, either with signatures of an oceanic island arc or an active continental margin (Mértola and Mira graywackes) (Fig. 7a) ; to (2) more mature and recycled sediments ( Fig. 7c, d ; Mira and Brejeira graywackes) typical of a passive margin environment ( Fig. 7a ) with detritus derived from the weathering and erosion of the continental crust (recycled sources; Fig. 7b) . Essentially, the maturity of the sedimentary rocks increases from 330 to 310 Ma.
The relative abundance of some trace elements in graywackes provides information about the geological setting of source areas (e.g., Burnett and Quirk 2001) . The anomalies of some of the elements, calculated as the ratio between the observed normalized value and the expected normalized value obtained by means of linear interpolation of closest neighboring normalized values, are closely related to either the mafic volcanic input of active margin setting or the continental input of passive margin setting. In the present paper, anomalies of Nb, V, Cr, Ni, Ti, and Sc were calculated aiming at discriminating the contributions of passive margin and active margin source areas, and the results are presented in Fig. 3 . The contribution of mafic volcanism in an active margin setting produces lower values for the Nb anomaly. V, Ni, Cr, Ti, and Sc anomalies greater than 1 are symptomatic of a mafic input while values of less than 1 are related to the continental contribution in passive margins. The results of the Nb anomaly for the graywackes of the Mértola and Mira Formations show a tendency for relatively low values when compared with the Brejeira Formation, suggesting a decrease in the importance of oceanic island volcanism as one moves up the Carboniferous stratigraphy. Chromium anomalies agree with the results for niobium, with values of less than 1 in the Mértola Formation, an increase in values for the Mira Formation, but with some samples still presenting values of less than 1 while others present values of more than 1 and a consistent set of values greater than 1 in the Brejeira Formation. V, Ni, Ti, and Sc anomalies are consistent with a decrease in the mafic contribution in the Brejeira Formation, as would be expected in a passive margin setting.
The analysis of trace element compositions is more ambiguous. However, when the Th/Sc ratio is plotted against Zr/Sc, there is a variation of the chemical composition throughout the period of sedimentation (from Mért-ola and Mira graywackes to Brejeira and Mira graywackes) related to an increment in sediment recycling (Fig. 7e, f) . The sediment recycling process is marked by increasingly higher Zr/Sc ratios close to independent changes in Th/Sc ratio (McLennan et al. 2003) . Since sedimentary detritus can be transported across tectonic margins preserving the inherited chemical signature of their sources (McLennan et al. 1990 ), the obtained results do not provide evidence of a single geodynamic setting for Carboniferous depositional basins. Rather, the change observed indicates a mixing signal of different source rocks formed in different geodynamic settings before and during the deposition period.
The use of U-Pb dating of detrital zircons discussed in the next section is essential in determining: (1) the potential presence of mixed sources and of an undifferentiated arc, as pointed out by other authors (Fernandes et al. 2010) ; (2) the age of the arc-related magmatism; (3) the probable existence of a magmatic arc coeval of the turbiditic sedimentation or has a cryptic Middle Devonian arc recently been identified in SW Iberia (Pereira et al. 2012b) ; and (4) the possible presence of other crustal sources.
Age and provenance U-Pb dating of detrital zircons confirms that there are marked changes in the sources of the Carboniferous turbidites of the South Portuguese Zone. In this study, we selected samples in different positions of the stratigraphic column with the aim of studying changes of sources in time. However, it should be noted that we should not exclude that some differences could also be due to lateral changes of the source area during the same stratigraphic interval. Sample SC-6 from the Mira Formation taken at a site located close to the top of the Mértola Formation shows predominance of Devonian and Carboniferous grains characteristic of the underlying formation (Fig. 8) . Both formations include zircon populations of and ages (the present study; Pereira et al. 2012c ). However, some differences such as: (1) the presence of a major age peak at c. 394-390 Ma (Eifelian) in the Mértola Formation, absent in the sample SC-6; and (2) the greater presence of Proterozoic grains in sample SC-6 and their almost total absence in Mértola graywackes. Thus, a change of sources is identified between Visean (Mértola Formation) and early Serpukovian sedimentation (Mira Formation), both coeval with active volcanism. The population of zircons from sample ST-8, taken at a stratigraphic site above sample SC-6, marks another drastic change in sedimentary sources, this time within the Mira Formation. Unlike the sample SC-6, in the sample ST-8, Devonian and Carboniferous grains are scarce, and zircons with Neoproterozoic ages are the largest population followed by that of Paleoproterozoic grains. This change marks the loss of importance of sources related to Middle Devonian to Lower Carboniferous zircon-forming events (Variscan magmatism) and the presence, instead, of a characteristic source associated with the Gondwana basement of the SW Iberia. The Gondwana basement of SW Iberia is characterized by a West African Craton affinity including a gap in or the almost absence of Mesoproterozoic ages and three characteristic zirconforming events: (1) Neoproterozoic ages (Cadomian-Avalonian and Pan-African zircon-forming events-c. 850-545 Ma, Nagy et al. 2002 , Fernández-Suárez et al. 2002 Rogers et al. 2006; Linnemann et al. 2007 Linnemann et al. , 2008 Nance et al. 2008 and references therein; Abati et al. 2010; Pereira et al. 2012a, b) ; (2) Paleoproterozoic and Archean ages (Leonian zircon-forming event-c. 3.5-3.0 Ga; Thiéblemont et al. 2004 and references therein; a Liberian zircon-forming event-c. 2.9-2.7 Ga, Potrel et al. 1996; Koulamelan et al. 1997; Key et al. 2008 ; and an Eburnean zircon-forming event-c. 2.27-2.05 Ga; Liégeois et al. 1991; Hirdes and Davis 2002; Pereira et al. 2008 Pereira et al. , 2011 Pereira et al. , 2012a Abati et al. 2010) ; and (3) the existence of Cambrian and early Ordovician ages (a zircon-forming event is related to the rifting in the Gondwana margin that led to the opening of the Rheic Ocean-c. 540-470 Ma; Murphy et al. 2006; Chichorro et al. 2008; Sánchez-García et al. 2010) .
In the Brejeira Formation, the oldest AJ-1 sample has a population of zircons overlapping the age intervals of the Cadomian-Pan-African, Eburnean and Leonian zirconforming events. This overlap suggests that during the sedimentation of these turbidites, close to the base of the Brejeira Formation, almost the same sources from the Gondwana basement of the SW Iberia already identified in the Mira graywackes were retained, except for the absence of the Devonian and the Carboniferous sources. By analyzing AM-3 and TH-5 sample data, moving up in terms of stratigraphy, one can find, during the sedimentation of Brejeira turbidites, the reappearance of detritus from sources related to the Rheic Ocean closure and the development of Devonian and Carboniferous zircon-forming events. A singular feature of Brejeira graywackes is the presence of zircons of Grenvillian age (c. 1 Ga). These Mesoproterozoic ages are usually found in Laurentia, Ganderia, and Avalonia (Nance et al. 2008 ) and also, although less markedly, in North Africa (Meinhold et al. 2012) . In Iberia Pereira et al. 2012c) . However, what seems most extraordinary and should be highlighted is the fact that we find late Ordovician and Silurian grains in Brejeira graywackes corresponding to ages never before observed in SW Iberia. These results raise the question of what is the provenance of such ''exotic'' zircons? A possibility is Laurussia. For these early Paleozoic ages, we know that the late Ordovician zircon-forming event is not found in Iberia, Ganderia, Avalonia, or Meguma, contrary to the case with Laurentia (Van Staal et al. 2009 ). As for Silurian zircons, they must come from outside Iberia because there is no noteworthy source of this age in SW Iberia. In the upper Devonian and Tournaisian quartzites (Phyllite-Quartzite and Tercenas Formations) of the South Portuguese Zone, the presence of Silurian zircons is less than 2 % (Pereira et al. 2012c) . The Silurian grains found in Brejeira turbidites present ages that fit the significant magmatism in peri-Laurentia terranes (van Staal et al. 2009 ) and also the intervals of the Salinic (ca. 442-425 Ma) and Acadian (ca. 419-400 Ma) zircon-forming events associated with the protracted process of accretion of Laurussia which involved the collision between Ganderia and Avalonia . Early Silurian ages can likewise be found on Meguma, another peri-Gondwanan terrane that was part of Laurussia, where magmatism occurred at c. 442-438 Ma (Keppie and Krogh 2000; MacDonald et al. 2002) .
In Brejeira turbidites, the population of Devonian zircons varies widely, from none (AJ-1) to rare (TH-5), to fairly representative (AM-3). Graywacke AM-3 includes 18 % of Devonian grains occurring at two main age peaks at c. 392 and c. 371 Ma (Fig. 8) . These mid-late Devonian ages are also well represented in Visean turbidites from the Mértola Formation described above and turbidites from the Cabrela Formation of the Ossa-Morena Zone (Pereira et al. 2012c) . A potential source of these zircons is enigmatic because there is no record of middle-late Devonian igneous activity in the Ossa-Morena Zone, or at least not Rosa et al. 2008) . A possible source for late Devonian grains is the magmatic rocks formed during the accretion of the Meguma terrane to the Laurentian margin (Neo-Acadian orogeny; c. 372-362 Ma; Moran et al. 2007 ). However, these identifiable source areas are too young to be the source of many middle Devonian detrital zircons found in our samples from Brejeira graywackes, and thus, it seems plausible that the source terrane no longer crops out in SW Iberia or in nearby tracts of the Variscan orogen. The ideal source terrane was probably a middle Devonian oceanic magmatic arc related to the closure of the Rheic Ocean (Pereira et al. 2012c) , whose vestiges are preserved in the allochthonous oceanic terranes of NW Iberia (Caréon and Purrido ophiolites; Díaz García et al. 1999; Pin et al. 2002; Sánchez Martínez et al. 2007 .
Unlike that which occurs with Mértola graywackes and the graywackes at the base of the Mira Formation (sample SC-6), the other samples from the Mira and Brejeira Formations present rare Carboniferous zircons (samples ST-8, AM-3, and TH-5) or no grains of that age (sample AJ-1). It should be noted that the youngest of these Carboniferous ages are older than c. 321 Ma, indicating that the turbidites of the South Portuguese Zone were deposited in the absence of active volcanism during and after the later Serpukhovian. Carboniferous ages older than c. 321 Ma seem to be linked to syn-collisional magmatism represented in Ossa-Morena Zone (c. 355-320 Ma; Santos et al. 1987; Jesus et al. 2007; Pereira et al. 2007a Pereira et al. , 2009 Lima et al. 2012 ) and in South Portuguese Zone (volcanism in Iberian Pyrite Belt and in Sierra North Batolith; c. 360-346 Ma; Dunning et al. 2002; Barrie et al. 2002; de la Rosa et al. 2002 de la Rosa et al. , 2008 .
Conclusions
We suggest that the sedimentation in the South Portuguese Zone from the Visean to the Muscovian is marked by variability in sedimentary sources, involving the denudation of different crustal blocks and a break in synorogenic volcanism. Visean sedimentation in the South Portuguese Zone is characterized by the accumulation of immature turbidites (the Mértola Formation and the base of the Mira Formation) inherited from a terrane with intermediate to mafic source rocks probably formed in Devonian active magmatic arcs poorly influenced by sedimentary recycling, from which the erosional detritus was transported. An almost complete absence of pre-Devonian zircons indicates that the typical sources of Gondwana and Laurussia basement were not exposed in the vicinity of the basin. The presence of early Carboniferous grains indicates that volcanism was active during sedimentation, which is considered by the authors to be the result of Variscan syn-orogenic magmatism.
The turbiditic sedimentation in the South Portuguese Zone from the Serpukhovian to the Moscovian (Mira and Brejeira Formations) is characterized by sedimentary detritus derived from felsic mature source rocks situated far from an active margin. The presence of populations of Precambrian and Paleozoic zircons reveals strong recycling from sources located in Gondwana and Laurussia. Neoproterozoic (Cadomian-Avalonian and Pan-African zirconforming events), Paleoproterozoic and Archean populations indicate peri-Gondwanan provenance. The existence of late Ordovician and Silurian zircons in Brejeira turbidites which have no correspondence in the Gondwana basement of SW Iberia indicates Laurussia as their most probable source. The process of formation of Pangea by collision between Laurussia and Gondwana caused denudation of the two continental blocks, and the resulting debris were deposited in the South Portuguese Zone.
